Abstract: There is a great resolution calling for smart grids in recent years. Introduction of new technologies, that make the network flexible and controllable, is a main part of smart grid concept and a key factor to its success. Transmission network as a part of system network has drawn less attention. Transmission switching as a transmission service can release us from load shedding and remove the constraints' violations. In addition to removing the congestion and decreasing the system cost, transmission switching may damage generating units due to transient states in instance of reconfiguration. Therefore, in optimal transmission switching, the system security, practical limitations and possible damages should be considered. In this paper transmission switching is modeled in probabilistic energy and spinning reserve day-ahead market clearing problem to guaranty the network security standards. The results show that proposed transmission switching in addition to significant decrease in system cost, can improve the other network characteristics such as system reliability.
Introduction
Transmission switching studies were of the interest to the researches from Eighties. In primary studies, the main focus was decreasing the load shedding. Next, the efficiency of optimal transmission switching to solve other operation issues such as voltage drop, network loss and system security was analyzed. After restructuring in power systems and introduction of smart grid concept, transmission switching problem was redefined in the new environment [1] [2] [3] [4] [5] [6] [7] . The switching problem can be analyzed from two standpoints.
Corrective switching: From the first standpoint, the switching is applied as a smart facility in emergency states such as fault conditions. In this situation transmission system topology is selected in post fault conditions in a way that network constraints are satisfied. Preventive switching: From the second standpoint, the main purpose of switching is system cost reduction. In the case of congestion, some cheaper generating units cannot produce their maximum output. This increases the system cost. In this situation the switching should remove the congestion and reduce the production cost.
Switching was used in [8] [9] for congestion removal. A method based on DC Optimal Power Flow (OPF) was used in these references. In [10] [11] the N-1 security criteria have been added to the model presented in [8] [9] .
In [12] [13] [14] , heuristic methods were used to restrict the search space and therefore, to reduce the solution time. In these papers the lines with highest impact on congested lines were categorized based on a sensitivity analysis. For each category as a candidate of switching, the system cost was calculated and finally the most economical option was taken. It should be noted that since unit generations and switching decisions are found separately, the solution may be suboptimal. In most of studies on transmission switching only the DC network constraints have been considered and the AC constraints voltage security constraints and reactive load flow have been neglected. Since the switching may cause violation in voltage constraints as well as other AC constraints, the methods presented based on DC load flow are less efficient [15] .
On the other hand the AC constraints cause nonlinearity in the problem. Therefore, with these constraints the switching problem is a Mixed Integer Non-linear Programming (MINLP) problem. These problems take so long to be solved and it is possible that no solution is found. The global optimality is also not guaranteed. Problem decomposition has been proposed to solve the issue.
Reference [15] found the switching scheme and generation schedule using a DC OPF at the first step. The results then were tested using an AC power flow and in the case of constraint violation, the switching scheme was ban and a new switching scheme was found. As the result of separation of DC and AC sub-problems this method also fails to guarantee the global optimum solution.
In [15] [16] [17] Benders decomposition was used. In the main problem, the generation schedule and switching scheme was found based on DC OPF. In sub-problems, AC constraints were checked and in the case of violation the violated constraints were linked to the main problem. These newly introduced constraints change the results of main problem to remove the constraint violations in sub-problem.
Security constraints were included in [17] through N-1 criteria. The security checking subproblem was not linked to the main problem. This restricts the chance of global optimum solution. The method presented to find the order of switching has also some problems that cause the solution to deviate from the optimum solution in some cases.
On the other hand, though the switching can be useful in transmission networks, it may damage the generating units in some instances. The main reason is introducing a relatively high torques on the rotor of these units in reconfigurations. In this paper the transient stability criterion is included in the model presented for energy and spinning reserve clearing to restrict the chance of damages.
Based on the results of researches that some of them have been reported in this section, transmission switching can be useful for operation cost reduction. However, this switching may cause the system instability in some instances. This increase the network security cost. This paper analyses and models the transmission switching with dynamic constraints in a probabilistic co-optimization model for energy and spinning reserve scheduling. Using this model the safe operation considering the dynamic switching constraints has been guaranteed.
Modeling of Transmission Switching and Dynamic Constraints in Probabilistic Cooptimization of Energy and Spinning Reserve Markets
(1) 
The cost of switching, including the cost of opening and closing operations and the cost related to the depreciation of the switch insulators, is modeled based on the reinvestment costs for installing the new switches. In a short period, the cost of switching is considered to be proportional to the number of switching operations.
In [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] different MINLP problem were solved in different engineering branches including the Unit Commitment (UC) problem. In this section a probabilistic MINLP model is proposed for co-optimization of day-ahead energy and reserve markets. Switching capability is just considered for some network lines. The objective function of (1) is considered to minimize the energy, spinning reserve and switching costs in a 24 hour time period.
In (1), units' production costs, startup costs and reserve capacity costs are shown in the first term. The second term includes load shedding costs and the cost associate with reserve applications (change in production schedule). Switching cost is shown in third term. The network and units' constraints should be considered for both pre-and post-contingency states. The constraints can be divided into two groups, post-contingency and pre-contingency constraints.
A. Pre-contingency constraints
All the variables are considered to be positive. Minimum and maximum producible power constraints considering the spinning reserves are given in (2) 
Reactive power minimum and maximum limits of the units are give
Ramping constraints are given in (5). 
Minimum up-and down-time constraints are given in (6). The maximum sustainable ramp rate limits the reserve that can be applied in 10 minutes. These constraints are given in (7), where MSRR is the maximum sustainable ramp rate in MW/min.
Transmission Switching in Joint Energy and Spinning Reserve Markets Equation (8) gives the pre-contingency load balance constraint
The net injected active and reactive power to each bus should be respectively equal to the active and reactive power output via transmission lines connected to this bus. These constraints are given in (9) . 
) 
Apparent power flow of the lines cannot be higher than the line flow limits. This constraint is shown in (11 
The number of switching operation cannot be higher than maximum allowable switching numbers.
B. Post Contingency Constraints
The change in generation of each unit is lower than the regarding committed reserve (13).
( ) ( ) ( ) ( ) ( ) ( ) The load shedding constraints for all credible contingencies can be expressed as those of (14). Equation (15) shows the post-contingency load balance constraints. 
and units. In a power system including lines and units indexed by i, with forced outage rate of i λ (18) shows the probability of contingency c.
In (18) and (19) i λ is the forced outage rate of element i and G c and L c are respectively the set of affected units and lines in contingency c. T is the market period which is one hour in this study.
Though transmission switching can be useful in smart grids, it may have some adverse effects on generating units. The main reason is high torques appeared on the rotors as the result of reconfiguration. Therefore, in a safe switching scheme it is necessary to limit the rotor angles. In this paper these limitations are introduced to the model as dynamic constraints. The reduced admittance matrix is used to model the switchable lines in these constraints.
In order to model the dynamic constraints, synchronous machine classical model has been used. In this model the transient stability equations are as follows, considering a constant field voltage.
( ) ( (21).
In (21) , E(i) is the electrical motive force of stator field. B ij (t) and G ij (t) are the element of row i and column j of reduced susceptance and reduced conductance matrices respectively. 
The rotor angle and speed can be found through dividing the time span of transient state into Nend steps using (22) . In these equations t Δ is the length of time steps and Nend is the number of time steps indexed by n. Considering the switchable lines Bn(t) and Gn(t) can be defined using (24) .
Finally the safe switching constraint is given in (25) for unit i. The formulation presented in (1) to (25) models the probabilistic joint energy and reserve problem considering the transmission switching. Numerical results are provided in next section. Tables 1 and 2 show the UC status in joint energy and reserve clearing without switching operation. Energy and reserve costs are 319156 $ 59840 $ respectively for this case. The probabilistic security cost (cost of applied reserve) is 62544 $ in this case. The average marginal prices are given in figure 2 for different hours. 0  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24 
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• Joint energy and reserve clearing with switching operations neglecting the transient stability constraints
The dynamic constraints are neglected in this case. The UC status is given in Tables 3 and 4 for energy and reserve markets respectively. Comparing to the previous study, the status of some units has not been changed. However, production of the expensive units has been decreased. The switching order is given in Table 5 . Table 6 compares the costs of case (a) to those associated with this case. As can be seen the energy, reserve and security cost are reduced by 8%, 7% and 4% of the values reported in case (a). For switching operations the switching status of hour 0 is considered to be same as the base case. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 Table 4 . UC status in spinning reserve market, case (b) Tables 7 and 8 show the UC status of in energy and spinning reserve markets with stability constraints. Considering these constraints, the UC status has been changed. In fact the system costs are higher with stability constraints included. These costs are still lower than the base Transmission Switching in Joint Energy and Spinning Reserve Markets case without switching operations. Table 9 shows the system energy, reserve and security costs. As can be seen these costs decrease by the values of 6.5%, 5.5% and 3% comparing to the case without switching operations. Table 10 shows the switching status for this case study. As can be seen due to stability constraints opening or closing operations of some switches have performed in different hours comparing to Table 5 . The results show that though the transmission switching is useful for system cost reduction, it may cause transient instability in some instances. Therefore, considering the stability constraints in switching is inevitable. With the stability constraints considered in optimization, the performance of the cost reduction is lower. As can be seen the energy cost reduction considering and neglecting the stability constraints are 6.5 and 8 percent. However, these constraints reduce the risk of instability and reduce the instability costs.
In joint energy and spinning reserve market clearing with switching operations and neglecting the stability constraints (case (b)), the status of line 15-1 has changed from open to close. Here, this switching is modeled in PSAT. Figure 3 shows that this switching cause instability of unit connected to bus 1. This shows that it is necessary to consider the stability constraints in the model. With stability constraints included, it can be seen that the switching of line 15-1 is performed in hour 13 to14 instead of 16 to 17. This switching does not cause any instability. With stability constraints considered in the model, figureure 4 show the rotor angle of the unit connected to bus 1 during the solution process with the time step of 0.1 second. As can be seen during this switching in time step of 6 the rotor angle reaches the maximum value but in the next step the rotor angle decreases and finally the stability is preserved. switching takes place from hour 18 to hour 19. The simulations shows that the system is stable in this case. Figure 5 shows the average marginal price in energy and reserve markets for cases (a), (b) and (c) in 24 hour. As can be seen, these prices are higher for the case including the stability constraints. This increase in the prices with respect to the prices in case study (b) shows that though considering the switching operations in the joint energy and reserve market neglecting the stability constraints leads to the lower prices, this causes the instability in some system units and imposes the high instability cost to the system. The change in Location Marginal Price (LMP) at bus 25 with respect to the change in the number of switchable lines for cases (b) and (c) is shown in figure 6 . As can be seen as the number of switchable lines increases the LMP decreases at bus 25. However, this decrease is lower for the case considering the stability constraints. Figure 7 shows the change in Expected Energy Not Supplied (EENS) with respect to the change in the number of switchable lines for cases (b) and (c). As can be seen the EENS is higher when the stability constraints are included in the model. With higher number of switchable lines the EENS is lower. In addition to reduction of the energy and spinning reserve, transmission switching can improve the voltage at different system buses. Figure 8 shows the Switching effects on voltage at bus 18. The switching has improved the voltage at bus 18 in most of hours. Without switching this voltage is out of allowable range in some instances. 
Conclusion
In this paper the transmission switching has been modeled in joint energy and reserve market clearing. It was observed that through the proper switching operations not only the energy cost but also the spinning reserve and security costs have been reduced. In addition it was shown in case studies that though the switching operation can reduce the operation cost, it may cause dynamic instability and therefore, can impose the additional costs to the system. Therefore, it is necessary to develop appropriate switching strategy to reduce the chance of instability and damage to the units. This paper proposed a methodology to develop such strategies in a day-ahead market. As the results show that the reduction in system cost is lower when the dynamic stability constraints are considered in the mode, but the system stability is preserved under this setup.
